The kinetics of acceptor competition for the f3.g1ucosidase of Stachybotrys atra are compatible with the "reciprocal complex formation" version of the ternarycomplex hypothesis but not with the binary· complex hypothesis nor simpler versions of the ternary-complex hypot,hesis.
INTRODUCTION
has emphasized that it is impossible to prove a proposed enzymic mechanism by manipulating kinetic data alone. By making a suitable choice of assumptions and assigning suitable values to constants it is always possible to erect a second hypothesis as an alternative to a preferred one. The converse does not hold, however, and it is sometimes possible to show that a given hypothesis cannot be stretched to cover the observed kinetic data. Thus Ingraham and Makower (1954) used their treatment of the theory of ternary complexes to show that the results of Laser (1952) on glucose oxidase and of Tappel, Boyer, and Lundberg (1952) on soybean lipoxidase could not be explained on any version of a binary-complex hypothesis of enzyme action. Yet, although the kinetic data of these authors fitted certain simple versions of the ternary-complex hypothesis investigated mathematically by Ingraham and Makower, these data could not be said to substantiate them since other more complex hypotheses could only be eliminated by the arbitrary use of the "principle of minimum assumptions".
There is remarkably little direct evidence on the conflicting hypotheses of binary and ternary complexes in enzymic two-substrate reactions. Chance (1953) has shown that evidence from spectral shifts almost certainly excludes a ternary complex for horse radish peroxidase, although this is perfectly possible in theory. On the other hand Neufeld et al. (1957) and Munch-Petersen (1957) have shown by isotopic tracer methods that the enzyme uridine diphosphate D-glucose phosphorylase cannot act through any form of binary complex, the enzyme showing no signs of reacting with one co-substrate in the absence of the other. Miwa et al. (1956) studied an a-glucosidase that transferred the a-glucosyl residue to different positions on an acceptor fructose molecule for different donor a-glucosides, a result impossible on any binary hypothesis involving a common glucosyl-enzyme intermediate but immediately comprehensible on the ternary hypothesis.
Perhaps the most convincing kinetic evidence for the action of an enzyme through ternary rather than binary complexes is provided by the analysis of the kinetics of dextransucrase by Neely and Thompson (1959) . Using sucrose as both donor and acceptor they could show mathematically that the rate of reaction was proportional to the concentration of enzyme-donor-acceptor triads. This analysis explained the somewhat surprising finding that, at a fixed sucrose concentration, reaction velocity showed a pronounced maximum with increasing enzyme concentration.
The devising of an experimental situation where it can be shown nearly conclusively that the enzyme acts through a ternary complex often calls for great ingenuity especially where, as Neely and Thompson point out, the solvent (water) can carry out the acceptor function. It would therefore be advantageous to have a screening test that rules out the possibility of a binary mechanism before resorting to complicated procedures. It is the purpose of this paper to show that this can be done quite readily if the enzyme fulfils certain simple conditions and, coincidentally, that it may be possible to rule out certain mechanisms involving ternary complexes.
II. PRINCIPLES
It was shown in the preceding paper (Jermyn 1962 ) that, on the binarycomplex hypothesis, where a transferring enzyme is acting in the presence of two competing acceptors the nature and concentration of the donor can affect the ratio of the two transfer products only where the whole system is reversible. Even then, this effect will only be sensible if donor and products have concentrations of the same order of magnitude. On the ternary-complex hypothesis the nature of the donor will always have an effect and, in two out of the three cases discussed, its concentration will also influence the' result.
The ,B-glucosidase of Stachybotrys atra hydrolyses simple alkyl ,B-glucosides so many orders of magnitude more slowly than it hydrolyses aryl ,B-glucosides that its action is effectively irreversible for the transfer of glycosyl residues from aryl glucosides (c. 1O-3 M) to aliphatic alcohols (Jermyn 1955) . Some ,B-glucosides with polyhydroxylic aglycones, e.g. cellobiose and 1-glyceryl ,B-glucoside (Jermyn 1958) are not detectably attacked at any practicable concentration. In addition, the enzyme will not transfer a glucosyl residue to glucose or an aryl glycoside. Hence the great uncertainties introduced into such studies on the acceptor specificity of glycosidases as that of Suzuki (1957) by the competitive action of substrates or reaction products as acceptors do not have to be allowed for by doubtful corrections in the present case.
Since water is always present as the first of the competing acceptors, the known properties of the enzyme allow a simple procedure to be adopted. Using a fixed concentration of a second acceptor, a donor (D 1 ) is added, and the percentage transfer to water estimated from the relative amounts of glucose and aglycone liberated by the enzyme after a given time. More donors (D2 ' D 3 , ••• ) are now tested and the percentage transfers to water estimated. If the percentage transfer is not identical for D 1 , D 2 , D a , . . . then the binary hypothesis is invalidated. This conclusion can then be made more oertain by testing other acceptors with the same range of donors. Finally some discrimination can be made between versions of the ternary hypothesis by varying the concentrations of suitp,ble acceptors with fixed donor conditions. Not only must the experimental errors in individual determinations of glucose and aglycone be considered, but also the uncertainties in the relative values of the colour yields of sugar and phenol (both being determined colorimetrically) to be used in a given experiment. This means that the most probable value of the transfer ratio has to be derived statistically from a series of determinations. If this is done by determining the value of the ratio at various time intervals after the beginning of the enzyme reaction, there must be some previous demonstration that this ratio is in fact constant in the face of varying donor concentration or, at any rate, is nearly enough constant for meaningful regression lines to be drawn through the points. This can be done either internally by statistical analysis of the data or, externally, by deliberately starting the reaction with different initial donor concentrations and observing the effect on the ratio as determined after some fixed interval. Both these approaches have been adopted here as a cross-check. If the ratio had departed significantly from constancy it would have been, in itself, an indication that the binary-complex hypothesis could not hold true.
The donors used were deliberately chosen as having a wide range of apparent Michaelis constants in a system with water as the only acceptor (Jermyn 1955) . This was done in the hope that the values of the constants for the formation of the various intermediate complexes would therefore be very different and any differences in behaviour therefore appear as quantitatively large effects. Since enzyme concentration and initial donor concentration were fixed in the test system, the differences in rate due to difference in donor could be adjusted only by changes in the remaining variable, viz. temperature. All the test systems were therefore run at temperatures such that over the period of the experiments, using identical amounts of enzyme and the same initial donor concentration (1O-3M ), the donor disappeared at the same mean rate in all experiments. On the binary-complex hypothesis, this would mean that the concentration of the supposed common glucosylenzyme intermediate was the same in all systems.
To justify this procedure certain of the systems were checked over the entire temperature range used to see that there was no gross effect of temperature on the transfer ratio; enzyme concentration was here the variable adjusted to give approximately equal reaction rates at different temperatures.
III. MATERIALS AND METHODS

(a,) Enzyme
The purification of the f3-g1ucosidase of S. a,trn by column chromatography on DEAE-cellulose will be discussed in a future paper and the justification for believing that the f3-g1ucosidase of the most purified fractions represents a single enzyme species will be given in extenso there. The material used throughout this study came from the most purified fraction of all, of constant properties, both physically and enzymically, on repeated rechromatography.
The question of the purity of the enzyme is always critical, since any purported demonstration of the invalidity of the binary-complex hypothesis can always be countered by the suggestion that the enzyme Rample contained two or more enr.ymic species of different specificity. Indeed the claims of Sawai (1958) for the influence of the donor on the ratio of the products from the transferring amylase of Candida tropicalis had to be withdrawn when it could be shown that the enzyme was not a single species. The work of Miwa et al. on the nature of transfer products might be discounted as not proven since they did not demonstrate rigorously that they had only a single enzyme present. The most satisfactory work in this respect is that of Neely and Thompson (1959) on the exhaustively purified dextransucrase.
(b ) Materials
The glucose used for standards was A.R. material dried at 100°C. Stock solutions in water saturated with benzoic acid were diluted to give standard glucose solutions as required. Standard phenol solutions for the Folin-Ciocalteau determination were prepared from p-iodophenol and I-naphthol that had been recrystallized from benzene-petroleum ether and from fractionally redistilled o-chlorophenol. Standard p-nitrophenol was recrystallized from carbon tetrachloride. All standard phenol solutions were made up freshly before use; dilute naphthol solutions, in particular, deteriorated very rapidly.
The four ,B-glucosides, p-
, and I-naphthyl
were all specimens prepared and purified in this Laboratory. Glycerol and methanol were "Analar" reagents, t-butanol was Hopkin and Williams G.P.R. grade, sorbitol was Light's C.P. material. Although a number of specimens of sorbitol were available, all showed considerable reactions for "reducing sugar" at concentrations in the range 0 ·I-IM. The sample finally selected showed the least reducing impurities, but the necessity for subtracting large blanks from the glucose estimation was the main factor leading to the abandonment of this acceptor after the preliminary experiments. Ethylene glycol was a narrow-range fraction (b.p. I96-198°C at 760 mm) from the distillation of a commercial specimen.
(c) Methods
All optical densities were measured with a Shimadzu spectrophotometer. Phenols were estimated by the Folin-Ciocalteau method (A.O.A.C. Handbook 1940).
p-Nitrophenol was estimated by its light absorption at 400 f1-in slightly alkaline solution.
Glucose was determined by the Somogyi-Nelson colorimetric method (Somogyi 1952) .
The general method of handling incubation mixtures was, in essence, the same as has been set out elsewhere (Jermyn 1953) , slightly modified to fit individual cases. All experiments were carried out in citric acid-sodium phosphate buffer at pH 5·0. Where samples for both sugar and phenol determination were to be withdrawn at time t, the general practice was to withdraw samples at t-IO sec and t+1O sec, the order being determined in advance by the toss of a coin. All the analytical solutions (Somogyi alkaline copper reagent, diluted Folin-Ciocalteau reagent, concentrated alkaline phosphate for nitrophenol determination) were found to inhibit the enzyme reaction completely, so that the mixtures of sample and reagent could be accumulated till the end of the experiment and processed all at once. Figure I confirms that, within experimental error, glucose and aglycone are equally released from p-nitrophenol ,a-glucoside by the enzyme. The tables include similar results for the other glucosides. Self-transfer can therefore be neglected. Figure I shows that the transfer ratio for acceptors competing with water for the ,a-glucosyl residue of p-nitrophenyl ,a-glucoside is constant within experimental error during the course of the experiments. Figure 2 illustrates the same point for certain other donors. There is a distinct tendency for the results with I-naphthyl ,a-glucoside to depart from a straight line; however, fitting a linear regression to the observed points gives a slope for the regression line that is different with a high enough degree of statistical significance from the slopes obtained in experiments using the same acceptor and different donors to justify this neglect. Tables I and 2 show that two other variables have no significant effect on transfer results. Table I demonstrates that enzyme concentration has no effect on the transfer ratio in experiments using p-iodophenyl fi-glucoside and glycerol and this result was confirmed for p-nitrophenyl fi-glucoside with t-butanol and I-naphthyl fi-glucoside with methanol. Table 2 , recording an experiment in which an approximately constant reaction rate was maintained by changing enzyme concentration as temperature varied shows that temperature does not have a significant effect on the transfer ratio over the range studied. This conclusion was also confirmed for I-naphthyl fi-glucoside and methanol.
IV. RESULTS
(a) Preliminary Experiments
The two systems were chosen as requiring the lowest and highest temperatures, respectively, to give identical rates of reaction at the same enzyme concentration.
(b) Survey Experiment
The results of a survey experiment are shown in Table 3 . These offer presumptive evidence that the transfer ratio for a given acceptor varies with the nature of the donor. A further point to be noted is that the effect of added acceptors on the reaction rate relative to that with water alone varies from donor to donor. The ratios of the reaction rates relative to one another for different donors also vary with the acceptor. Neither of these effects is to be expected on hypothesis of a common glycosyl-enzyme intermediate but would certainly be demanded by some versions of the ternary-complex hypothesis. 
( c) Statistical E xper'iment
Since the exact values recorded in Table 3 are subject to considerable uncertainty, it was necessary to carry out an experiment where the results could be analysed statistically. p-Nitrophenyl ,8-glucoside was not investigated further as it appeared to give results very similar to those obtained using p-iodophenyl ,8-glucoside; the same conclusion applied to ethylene glycol as an acceptor compared with glycerol. Sorbitol was not used again as an acceptor since it gave rise to .. analytical uncertainties, and transfer to t-butanol appeared to be too slight to yield significant results. This leaves the cases set out in Table 4 . All differences except Enzyme concentration and initial substrate concentration (10-3M) identical and all reaction rates within ±5%; the variable, temperature of reaction, is indicated in brackets for each case. All limits except the one indicated are I % two-sided confidence limits; they include both experimental error and the uncertainty of the relative colour yields. Samples taken at lO-min intervals over a period of 150 min; about 7% of initial substrate utilized
I I
Percentage Transfer to Water
* 5% two-sided confidence limit. 1·9ll one are significant at the I % level; and the sole exception (the difference between methanol as acceptor for p-iodophenyl and I-naphthyl ,B-glucosides) can be shown to be highly significant at the 5 % level.
ACCEPT OR COMPET ITION AND ENZYMI C MECHAN ISMS 257
The conclus ion has therefo re to be reached that the differen ces in transfe r ratio with donor are real; the binary hypoth esis being rejecte d the questio n arises as to which form of the ternary -compl ex hypoth esis is compat ible with the results.
(d) Depend ence on Sub8tra te and Donor Concen tration
Since l-napht hyl ,B-gluco side showed the most signific ant departu re from a linear relation betwee n liberati on of glucose and of phenol in the experim ent summa rized in Figure 2 , the depend ence of the transfe r ratio on donor concen tration was investi gated with this substra te over a much wider range of concen trations . The results set out in Table 5 show that there is a definite depend ence of the transfe r ratio on donor concen tration. This elimina tes the first ternary mechan ism discuss ed in the previou s paper, namely
for which the transfe r ratio is depend ent on the nature of the donor but not on its concen tration.
If donor concen tration is held constan t, and the concen tration of an added accepto r is varied, then results as set out in Table 6 for a conven ient case are obtaine d. For the mechan ism
it can be shown that [P 2J/[P1J = K[A2J when the concen trations of donor and first accepto r (water) are held constan t. For the mechan ism the predict ion il:l i.e. when so little donor is used up during the course of the experim ents that its concen tration is effectiv ely constan t. For this reason p-iodop henyl ,B-gluco side was used as the donor in the experim ent of Table 6 , since it was known that the concentration of this donor had a negligib le effect on the transfe r ratio in the range studied .
Some data from Table 6 are plotted in Figure: 3. is quite compat ible with the data. It would be almost impossi ble to collect enough data of the type under discuss ion that were sufficie ntly accurat e to say whethe r the curve actuall y obeys such an equatio n or not. The binary-comple x mechan ism and both the simpler version s of the ternarycomple x hypoth esis agree that if the concen trations of both the donor and the first accepto r are held constan t, the effect of varying the concen tration of the second accepto r on v, the rate of disappe arance of donor, and VI> the rate of appeara nce of the transfe r produc t of the first accepto r, should take the forms
(a monoto nic inereas ing or deereas ing functio n in [A 2 J), and
Inspect ion of Figure 4 , also derived from the data of 
a function that will fit the observed data in much the ~ame way a~ a ~imilar function fits those of Figure 3 . It may be remarked that the ob~ervations of Figures 3 and 4 ~how that a linear sequence in the formation of the ternary complex can be excluded because there is a large deviation from the predicted behaviour of such systems, where the relation of [P1J/[P2J to [A2J must be linear whatever values one assigns to the constants and whichever are assumed to be rate-determini ng. On the other hand, the existence of an apparently linear relation would not exclude reciprocal complex formation since certain values of the constants would reduce the relevant relationships to a nearly linear form. + 1O-·3M p-iodophenyl ,B-glucoside and glycerol at 20°C
(derived from the data of Table 6 ); X lO-3M I-naphthyl ,B-glucoside and methanol at 45°C.
v. DISCUSSION
It has followed from the results that only one of the mechanisms for forming a ternary enzyme complex is compatible with the observed kinetics of acceptor competition for the f3-g1ucosidase of S. atm. This mechanism, the "reciprocal complex formation" of the preceding paper (Jermyn 1962) , the "random sequence" of Ingraham and Makower (1954) , is both conceptually the most simple and mathematically the most complex. It is well known that most transferring enzymes exhibit great specificity for both donor and acceptor, leading to the idea of a separate active centre for each. The higher this specificity the less likely it is that the pre-binding of one of them is necessary to condition the enzyme to binding the other. Hence it is quite reasonable to suppose that both are bound independently to the enzyme, which can only function when both active centres have been filled to give the ternary complex.
The present study possibly represents the maximum amount of information that can be obtained by kinetic methods alone from a system where the solvent is an acceptor. It is only by techniques involving physical (Chance 1953) or tracer (Neufeld et al. 1957) measurements that it is possible to compare the effects of each of the co-substrates independently and both together on such an enzymic system. The only way of obtaining similar results with the methods discussed in this and the preceding paper would be to apply them to a transferring enzyme where neither /+~ water nor donor was an acceptor. Such enzymes are known, e.g. the D-enzymc of potato (Peat, Whelan, and Jones 1957) and would probably allow the kinetics of competitive acceptance to be investigated in a quantitative rather than a qualitative fashion.
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